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FLUID PROCESS CONTROL

BACKGROUND

This disclosure relates to process control, and, in particular
to process control for fluids.

Fluid regulators (e.g., valves) are used 1n a wide variety of
environments for both commercial and industrial applica-
tions. For example, fluid regulators can be used to regulate
fluids 1 pipeline systems, chemical plants, and building envi-
ronmental systems. Regardless of environment or applica-
tion, many tluid regulators are controlled by some type of
logic-driven controller, whether located with or remote from
the fluid regulator. A controller allows a fluid regulator to be
operated 1n an intelligent manner to achieve one or more
defined performance measures (e.g., flow rate, pressure, tem-
perature, level, energy efficiency, etc.).

A common type of controller operates 1n response to pneu-
matic control techniques. This type of controller often
receives an external air supply and manipulates the air supply
in response to electronic control signals to actuate the fluid
regulator appropriately. Thus, a pneumatic controller 1s often
said to include an electric-to-pressure converter that converts
an electronic control signal to a corresponding pneumatic
control pressure. Depending on the tluid regulator to be actu-
ated, a pneumatic tluid regulator controller may also 1include
a second pneumatic component. This second stage of the
controller may amplity the pressure and/or volumetric flow
rate of the output of the electric-to-pressure converter. Com-
mon devices for accomplishing this include a spool valve and
a pneumatic relay.

The flow rate of a fluid through a pneumatically-controlled
fluid regulator depends 1n part on the pneumatic control pres-
sure, which, in turn, depends on the electronic control signal
received by the electric-to-pressure converter. The relation-
ship between the tlow rate of the fluid regulator and the
clectronic control signal 1s often non-linear, such that a par-
ticular increase in control signal does not correspond to a first
order increase 1n the tlow rate of the flmd regulator.

SUMMARY

This specification describes technologies relating to pro-
cess control. A fluid regulator characterization system can
characterize the flow of a fluid regulator that results 1n
response to a recerved control signal. The flmd regulator
characterization system can use the characterization to
achieve a linear fluid regulator flow gain over a full operating
range for the flmd regulator relative to the recerved control
signal.

In general, one aspect of the subject matter described in this
specification can be embodied 1n methods that include the
actions of determining a first characterization of a first flmd
regulator flow relative to a control signal based on a standard-
1zed operating environment for a fluid regulator; receiving
characteristics of a projected operational environment for the
fluid regulator; generating a second characterization of a sec-
ond fluid regulator flow relative to the control signal based on
the first characterization and the received characteristics; and
linearizing a fluid regulator flow gain relative to the control
signal based on the second characterization. Other implemen-
tations of this aspect include corresponding systems, appara-
tus, and computer program products.

These and other implementations can optionally include
one or more of the following features. The first fluid regulator
flow can be a percent rated travel relative to a percent rated
flow capacity. The first characterization and the second char-
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acterization can be over a full operating range for the fluid
regulator, which can, for example, be defined by a minimum
percent lift and a maximum percent lift. The second charac-
terization ol a second fluid regulator flow relative to the
control signal can be a fluid regulator member travel relative
to the control signal that linearizes the fluid regulator flow
gain over a defined operating range. The fluid regulator mem-
ber travel relative to the control signal can be determined
based on a ratio of a first pressure differential across a fluid
regulator relative to a second pressure differential across the
fluid regulator.

The first pressure differential can be a pressure differential
across the fluid regulator at a high tlow rate, and the second
pressure differential can be a pressure differential across the
fluid regulator at a low flow rate. The ratio of the first pressure
differential across the fluid regulator relative to the second
pressure differential across the fluid regulator can be scaled
based on an expansion factor ratio and an upstream pressure
rat10. The expansion factor ratio can be a ratio of an expansion
factor at the high tlow rate relative to an expansion factor at
the low tlow rate.

Particular implementations of the subject matter described
in this specification can be implemented so as to realize one or
more of the following features. Fluid regulator flow can be
linearized relative to a received control signal. A linear fluid
regulator flow gain can improve process control and reduce
process variability. Thus, more control can be achieved over a
regulation system. The linearization can be determined and
stored 1n a fluid regulator controller prior to fluid regulator
installation. The linearization may be based on characteristics
ol the tfluid regulator 1n a standardized operating environment
and the projected operating environment.

The details of one or more implementations of the subject
matter described in this specification are set forth in the
accompanying drawings and the description below. Other
features, aspects, and advantages of the subject matter will
become apparent from the description, the drawings, and the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an example fluid regulation
system.

FIG. 2 1s a block diagram of an example fluid regulator
characterization environment.

FIG. 3 1s a graph illustrating an example linear character-
ization of a fluid regulator.

FIG. 4 illustrates an example process of linearizing a fluid
regulator gain.

FIG. 5 1llustrates an example process of determining a first
characterization.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

Linearization of fluid regulator performance can be
achieved by a regulation system including a controller that
can position a fluid regulator member 1n response to a control
signal such that the increase 1n flow through the fluid regula-
tor (e.g., fluid regulator gain) 1s linear with respect to the
increase in the control signal. In some implementations, the
controller can be provided a characterization of the fluid
regulator that facilitates a linear relationship between a
received control signal and the fluid regulator flow. The char-
acterization can be valid for a full operating range for the fluid
regulator being controlled. Linearizing fluid regulator gain
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with respect to the control signal can simplify control of the
regulation system, for example, by allowing an operator or
control system to adjust a control signal 1n proportion to a
target change 1n fluid regulator flow.

FI1G. 1 1llustrates an example fluid regulation system 100.
The regulation system 100 includes a communications inter-
tace 102, a controller 104, an actuator 106, a fluid regulator
108, and a feedback unit 110. The communications interface
102 can facilitate communications with an external device or
system (e.g., control device or central control room, etc.). The
communications interface 102 can be implemented, for
example, as a modem, a network interface, a wireless inter-
face, or any other appropriate device that can send and receive
data. In some implementations, the communications interface
102 can receive control signals from a control device or
control room and pass the control signals to the controller
104. Control signals can be, for example, electrical signals
that can be varied (e.g., between 4-20 milliamperes) to con-
trol the flow through the fluid regulator, as discussed below.

The controller 104 includes a processor 112, memory 113,
an electric-to-pressure converter 114, and a pressure sensor
118. The processor 112 can be a microprocessor, a microcon-
troller, or any other type of logic device. The processor can be
coupled to the memory 113 to store received data. The
memory 113 can be, for example, random access memory,
read only memory, registers, or any other appropriate
memory device. The memory 113 can store instructions for
the processor 112, data related to control of the regulation
system 100 (e.g., linearization information), or any other
information. The processor 112 can receive data through the
communications interface 102 and use the data to control the
fluid regulator 108. The processor 112 can, for example,
identily control signals in the recerved data and pass the
control signal to the electrical-to-pressure converter 114.

The controller 104 may be any appropriate digital posi-
tioner. For example, the controller 104 may be an SVI 2ZAP
positioner, available from Dresser-Masoneillan of Avon,
Mass. The SVI 2AP positioner allows linear, percentage, and
custom characterizations of valve/positioner characteristics
(e.g., tlow v. travel characteristics).

The electrical-to-pressure converter 114 receives an iput
pressure ifrom an external pressure supply and controls an
output pressure based on the control signal from the processor
112. The electrical-to-pressure converter 114 may, for
example, include amagnetizable element (e.g., a tlexure com-
posed of a nickel-1ron alloy) that 1s movable relative to an
clectric loop (e.g., a coil of copper wire). The movement of
the magnetizable element can atfect the output pressure of the
clectrical-to-pressure converter 114. For example, 1n
response to an increasing control signal, the electrical-to-
pressure converter 114 can increase the output pressure. In
some applications, the electrical-to-pressure converter 114
can also 1nclude a pressure amplifier to amplify the output
pressure (e.g., a relay).

The output pressure of the electrical-to-pressure converter
114 can be measured by a pressure sensor 118. The pressure
sensor 118 can provide an electrical signal that corresponds to
the output pressure of the electrical-to-pressure converter 114
to the processor 112. In turn, the processor 112 can make
adjustments to the control signal to compensate for system
variables that may affect the output pressure (e.g., pressure
system leaks, temperature changes, etc.) differently over
time. The pressure sensor 118 can be implemented, for
example, as a piezo-type sensor.

The output pressure of the electrical-to-pressure converter
114 1s recerved by the actuator 106. The actuator 106 can be
implemented to include, for example, a piston subjected to
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differential pressure or a pressure-activated spring. The
actuator 106 can adjust the position of the piston or pressure-
activated spring 1n response to the control pressure. In turn,
the actuator 106 can adjust the fluid regulator 108 to which 1t
1s connected, as described below.

The fluid regulator 108 includes a stem 120 and a fluid
regulator member 122. The stem 120 may be, for example, a
rod, shaft, or strut that 1s composed of metal or other appro-
priate material. The stem 120 can be connected to the actuator
106 and manipulated 1n response to adjustments to the posi-
tion of a piston or a pressure-activated spring 1n the actuator
106. The stem 120 can be connected to the fluid regulator
member 122 so that the fluid regulator member 122 1s simi-
larly manipulated in response to adjustments to the position
ol a piston or a pressure-activated spring in the actuator 106.

The fluid regulator member 122 regulates the flow of fluid
(e.g., liguid or gas) through the fluid regulator 108. The fluid
regulator member 122 can be mampulated, for example, to a
tully closed position so that no fluid passes through the fluid
regulator 108, to a fully open position so that a maximum flow
of fluid 1s realized through the fluid regulator 108, or to any
position between fully open and fully closed. The range of
fluid regulator member positions from fully closed to fully
open, inclusive, are referred to as the full operating range of
the tluid regulator 108. The fluid regulator member 122 can be
manufactured, for example, from plastic, metal, rubber, com-
posite, and/or any other appropriate material. The fluid regu-
lator member 122 can be a plug, a ball valve ball, adisc, or any
other element that can regulate flow through a flmid regulator
108. When the fluid regulator member 1s a plug, the full
operating range can be defined by a range that spans from a
minimum percent lift to a maximum percent lift.

The feedback unit 110 can be connected to the fluid regu-
lator 108 to monitor the position of the fluid regulator member
122 as well as the tlow through the fluid regulator 108. The
teedback unit 110 can include a position sensor 124 and a
flow sensor 126. The position sensor 124 can determine the
position of the stem 120 and provide the position of the stem
to the processor 112. The position of the stem 120 correlates
to the position of the fluid regulator member 122. Accord-
ingly, the processor 112 can determine the position of the
fluid regulator member 122 based on the position of the stem
120. The position sensor 124 can be, for example, an electri-
cal, electromagnetic, optical, and/or mechanical element that
1s capable of determining a position of the stem 120. In
particular implementations, the position sensor 124 1s a Hall
Effect sensor.

In some 1mplementations, the flow sensor 126 can deter-
mine the flow of fluid through the flmd regulator 108 and
provide an electrical signal corresponding to the tlow rate to
the processor 112. In other implementations, the electrical
signal corresponding to the tlow rate can be provided to a
computing device 1n a control room. In turn, the processor
112 or computing device in the control room can adjust the
control signal to the electric-to-pressure converter 114 1n
response to the actual flow when the actual tlow does not
correspond to a target flow. The adjustment of the control
signal 1n response to the actual flow through the fluid regula-
tor facilitates adjustments to the system due, for example, to
system variables that affect the flow (e.g. changes 1 fluid
regulator operation, temperature, humidity, material buildup
in the fluid regulator, etc.).

As discussed, the flow through the fluid regulator 108 can
be adjusted by the control signal that 1s recetved by the pro-
cessor. However, 1n many situations, the relationship between
an adjustment to the control signal and the resulting adjust-
ment 1n fluid regulator tlow 1s not linear. The non-linearity can
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result from the operating characteristics of each element in
the system. For example, 11 the supply pressure to the electri-
cal-to-pressure converter 114 varies, then the pressure
received by the actuator 106 can vary. Similarly, 1f environ-
mental conditions affect manipulation of the actuator 106,
stem 120, or fluid regulator member 122, then the relationship
between fluid regulator flow and control signal may not be
linear.

While many of these operating characteristics can vary
over time and can be compensated for through use of the
pressure sensor 118 and the feedback unit 110, some non-
linear characteristics are more difficult to correct. For
example, characteristics of the fluid regulator 108 as installed
can result 1n non-linear performance over the tull operating
range of the fluid regulator. In some situations, the fluid
regulator 108 can be the most non-linear element of the regu-
lation system 100. The magnitude of the non-linear fluid
regulator performance variation can be high enough so that
correction using the pressure sensor 118 and the feedback
unit 110 1s less eflicient than correcting for the non-linearity
in advance of fluid regulator operation. For example, in some
operating ranges a small change in control signal at a control
room can result in a large change 1n flmd regulator flow,
whereas 1n other operating ranges a large change in control
signal may result in a small change in fluid regulator tlow.
This can result 1in longer periods of time being required to
achieve a target tluid regulator flow.

Typically, the performance of the fluid regulator 108 can be
characterized prior to installation. For example, the pertor-
mance can be characterized over the entire or full operating
range of the fluid regulator. In turn, the characterization can
be used to linearize the relationship between the control sig-
nal and the fluid regulator flow. By linearizing the relationship
between the control signal and the fluid regulator flow, opti-
mum process controller settings obtained at any signal level
can be useful over the full signal range. This can result 1n
improved process control and reduced process variability.

In some implementations, the relationship between the
control signal and the fluid regulator flow can be linearized by
determining the fluid regulator flow and fluid regulator mem-
ber position at each control signal level and determining an
olffset for the fluid regulator member position that will result
in a linear relationship between the tluid regulator flow and
the control signal over the full operating range of the fluid
regulator. This linearization determination can be performed,
for example, through a computer-implemented routine based
on characteristics of the fluid regulator 108 for a standardized
operating environment (e.g., inherent flow characteristic) and
a projected operating environment (e.g., installed tflow char-
acteristic). Additionally, the determination can be performed
based on properties of the fluids that the fluid regulator 108
will regulate. This characterization can be performed, for
example, by a flmid regulator characterization system.

The linearization disclosed above can be used, {for
example, to provide stability of a control system that would
otherwise experience instability. Under classic Ziegler-
Nichols tuming, for instance, controller gain 1s increased until
constant istability occurs. Then, the gain 1s reduced to one-
half of the value where constant 1nstability occurred. But a
valve having a gain of 0.5 at 80% of full signal will exhibit
instability using the Ziegler-Nichols tuning method 11 the
valve has a gain greater than 1.0 at any signal that 1s less than
50% of the full signal because the gain of the valve increases
by more than a factor of two for any signal below 50% of the
tull signal. This can result 1n mstability because control loop
gain 15 the product of the gain of each element 1n a control
loop. Thus, as valve gain increases, the control loop gain
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increases. However, 11 the valve gain can be linearized relative
to the control signal (e.g., gain 1s approximately 1 from 0%
tull signal to 100% full signal), the control loop gain can be
reduced.

FIG. 2 1s a block diagram of an example fluid regulator
characterization environment 200. The flmd regulator char-
acterization environment 200 can be mmplemented, for
example, 1n a computer 202. The computer 202 can include a
processor 204 that processes data and executes nstructions
and applications within the computer. The processor can be
coupled to memory 206 that can store the instructions for
operation and data to be processed. An operating system 208
(e.g., Unmix, Linux, or Windows) can be included that 1s
responsible for managing activities performed by the ele-
ments and allocating resources to process data, perform
instructions, and execute applications 210.

One application 210 that can be included 1n the computer
202 15 a fluid regulator characterization system 212. In some
implementations, the fluid regulator characterization system
212 can determine a linear characterization for a flumid regu-
lator based on a standardized operating environment for the
fluid regulator and a projected operating environment for the
fluid regulator. The fluid regulator characterization system
212 can include a flow 1dentification module 214 and a fluid
regulator characterization module 216. The fluid regulator
characterization system 212 can reside as an independent
application 210 or as part of a fluid regulator sizing and
selection application 218.

The fluid regulator sizing and selection application 218 can
determine, for example, an appropnate fluid regulator to be
used for a particular operating environment. Some sizing and
selection programs determine an appropriate fluid regulator
based on characteristics of an operating environment in which
the fluid regulator will be used. Some characteristics that can
be used to facilitate selection of a fluid regulator can include
the fluid to be regulated (e.g., gas or liquid), an upstream
pressure, a downstream pressure, a pipe siZze, a minimum
flow, a normal flow, and a maximum flow. Other characteris-
tics can be used depending, for example, on the sizing and
selection program used and the application. Fluid regulator
s1zing and selection programs are well known by those of
ordinary skill 1n the art.

In some implementations, the fluid regulator characteriza-
tion system 212 can determine a linear characterization for a
fluid regulator after the sizing and selection application 218
has selected an appropriate fluid regulator for the application.
In other implementations, a user may specity a tluid regulator
to be characterized. For example, the user may input a model
number for a fluid regulator to be characterized through key-
board inputs, or the user may select the fluid regulator to be
characterized from a dropdown or other selection tool.

Once the fluid regulator to be characterized 1s selected, the
flow 1dentification module 212 can determine characteristics
for the flmd regulator based on a standardized operating envi-
ronment. The standardized operating environment can be
defined 1n part, for example, based on sixty degree Fahrenheit
water flowing through the fluid regulator with a one pound per
square inch constant pressure drop across the fluid regulator.
An example characteristic that can be determined for the fluid
regulator 1s a fluid regulator flow coellicient. The flud regu-
lator flow characteristic can be, for example, the amount (e.g.,
in U.S. Gallons) of the sixty degree Fahrenheit water that will
flow through the fluid regulator in one minute. In the example
standardized operating environment, the fluid regulator tlow
characteristic 1s sometimes called the imnherent flow charac-
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teristic of the fluid regulator. This inherent fluid regulator tlow
characteristic can be determined across the entire operating
range for the fluid regulator.

In some implementations, the inherent fluid regulator tlow
characteristic can be determined by accessing a lookup table
provided, for example, by a fluid regulator manufacturer. In
other implementations, the mnherent tluid regulator flow char-
acteristic can be determined by measuring the flow at the
example standardized operating environment.

The mherent tlow characteristic can be a measure of the
flow of the fluid regulator relative to a percent travel of the
fluid regulator member. The percent travel of the fluid regu-
lator member 1s a measure of how open the fluid regulator 1s
relative to a fully open position. For example, at ten percent
travel, the fluid regulator member has opened ten percent
relative to a fully open position for the fluid regulator mem-
ber. Accordingly, the inherent flow characteristic can be
determined or provided from zero percent travel to one hun-
dred percent travel for a given fluid regulator.

As discussed above, the percent travel of a fluid regulator
member 1s dependent on the magnitude of the control signal.
Accordingly, the inherent flow characteristic can be deter-
mined relative to the control signal instead of the percent
travel. For example, a conversion factor can be applied to the
inherent fluid regulator flow characteristic at each point
across the full operating range of the fluid regulator that
reveals the inherent fluid regulator tlow characteristic relative
to the control signal. In some 1implementations, the conver-
s1on factor can be applied by the flow 1dentification module
214. In other implementations, the inherent fluid regulator
flow characteristic relative to the control signal can be
retrieved from a look up 1n memory 206.

In some 1mplementations, the flow i1dentification module
214 can provide the mherent fluid regulator flow characteris-
tic to the fluid regulator characterization module 216. In turn,
the fluid regulator characterization module 216 can determine
a first characterization of the fluid regulator based on the
inherent flow characteristic. In some implementations, the
first characterization can be a characterization that linearizes
the fluid regulator tlow relative to the control signal across the
tull operating range of the tluid regulator.

For example, the fluid regulator characterization module
216 can define a linear relationship between the inherent flow
and the control signal and create a mirror image of the inher-
ent fluid regulator tlow characteristic about the defined linear
relationship, as discussed in reference to FIG. 3 below. In
some 1mplementations, the linear relationship can be defined
according to a line that connects a zero percent inherent fluid
regulator flow at zero percent ol a maximum control signal to
a one hundred percent imnherent fluid regulator tlow at one
hundred percent of the maximum control signal. In other
implementations, regression or other statistical computations
can be performed to define the linear relationship, and corre-
sponding offsets can be applied to the inherent flow charac-
teristic to realize the linear relationship. Once the linear rela-
tionship 1s defined, a mirror image of the curve can be created
about the linear relationship. In turn, the coordinates of the
mirror image curve can be used to determine the fluid regu-
lator member percent lift that 1s required to realize the linear
relationship.

FIG. 3 1s a graph illustrating an example linear character-
ization of a tluid regulator. As shown in FIG. 3, the curve 302
represents the inherent flow characteristic of the fluid regula-
tor plotted relative to the percent maximum control signal.
This curve can be constructed, for example, from the inherent
flow characteristic data provided by the tlow 1dentification
module.
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The curve 304 represents a linear relationship between the
inherent fluid regulator flow and the control signal. In this
example, the linear relationship 1s determined by creating a
linear curve between the inherent flow measure at zero per-
cent maximum control signal and the inherent flow measure
at one hundred percent maximum control signal.

Once the linear relationship 1s 1dentified, an offset curve
that can be used to realize the linear relationship can be
represented by curve 306. As seen 1n FIG. 3, the curve 306
that represents the oflset 1s a mirror 1image of curve 302
relative to curve 304. By applying the offset curve 306 to the
curve 302, the relationship between the imherent fluid regu-
lator flow and the control signal approximates curve 304. In
some 1implementations, the offset curve 306 can be denived
from a curve that results from plotting the percent of max
control signal as a function of the percent inherent flow char-
acteristic. In these implementations, 11 the percent max con-
trol signal relative to the percent inherent flow characteristic
1s stored 1n the memory 206 of FI1G. 2, then the flow 1dentifi-
cation module 212 can retrieve this information and define 1t
as the offset.

If the fluid regulator can be 1nstalled in the standardized
environment discussed above (e.g., constant pressure drop
across the fluid regulator), then the ofiset curve 306 can be
used to linearize operation of the fluid regulator. However, in
many situations, a fluid regulator will be nstalled 1n an oper-
ating environment that differs from the standardized environ-
ment. For example, in many installations, the pressure drop
across the fluid regulator will vary according to a number of
factors including the characteristics of the fluid flowing
through the fluid regulator (e.g., liquid or gas), the other
clements used 1n the regulation system, as well as the percent
travel of the fluid regulator member. Therefore, a second
characterization can be determined for the fluid regulator.

The second characterization of the fluid regulator can be a
flow characteristic of the fluid regulator 1n the projected oper-
ating environment (e.g., installed flow characteristic). In
some 1mplementations, the second characterization can be
determined based on the first characterization and character-
1stics of the fluid regulator 1n the projected operating environ-
ment 1n which the fluid regulator 1s to be installed (e.g.,
installed fluid regulator characteristics). The second charac-
terization can be performed over the entire full operating
range of the fluid regulator.

Referring again to FIG. 2, when a second characterization
1s performed by the fluid regulator characterization system
212, the flow identification module 214 can provide the
installed fluid regulator characteristics to the fluid regulator
characterization module 216. In situations where the installed
fluid regulator characteristics are not provided, the installed
fluid regulator characteristics can be determined by measur-
ing the fluid regulator characteristics across the full operating
range for the fluid regulator.

Installed fluid regulator characteristics can include, for
example, the pressure differential across the tluid regulator
(dP), the upstream pressure (P1), and the compression factor
(Y), for a gas that 1s flowing through the fluid regulator. As
discussed, 1n situations where these characteristics are not
provided, they can be measured. These measurements can be
performed by the flow 1dentification module 214 1n the envi-
ronment 1n which the fluid regulator 1s 1nstalled and stored in
memory 206. Additionally, the flow identification module
214 can provide the installed tflow characteristic to the fluid
regulator characterization module 216.

In some implementations, the fluid regulator characteriza-
tion module 216 can use the first characterization and the
installed flmd regulator characteristics to determine the sec-
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ond characterization. The second characterization can be
determined, for example, according to the following equa-
tion:

W

V1+(y—1)=x2

SecondCharacterization =

Where:

x=first characterization;

v(liquid)=dP ratio=pressure drop across the fluid regulator at
a max flow rate/pressure drop across the fluid regulator at a
min flow rate; and

v(gas)="Yratio 2 *dPratio*Plratio;
Where:

Y ratio=compression factor at a max flow rate/compression
factor at a min flow rate; and

P1 ratio=upstream pressure at a max tlow rate/upstream pres-
sure at a min flow rate.

Using the equation, the fluid regulator characterization
module 216 can determine a percent travel for the fluid regu-
lator member that results 1n a linear relationship between the
installed tlow of the fluid regulator relative to the control
signal for each control signal value. In turn, the determined
percent travel can be provided to the tluid regulator controller
104 at each control signal value so that a change in the control
signal will result 1n a corresponding change 1n tluid regulator
flow that 1s linear with respect to the control signal. The
determined percent travel can be stored, for example, in the
processor 112 of FIG. 1.

FI1G. 4 illustrates an example process 400 of linearizing a
fluid regulator gain. The process 400 can be implemented, for
example, 1n the regulation system 100 or the fluid regulator
characterization system 212.

Stage 402 determines a first characterization of a first flumd
regulator tlow relative to a control signal based on a standard-
1zed operating environment for a fluid regulator. In some
implementations, the first fluid regulator flow can be an inher-
ent fluid regulator tlow coelficient for the fluid regulator. The
inherent tluid regulator flow coellicient can be, for example,
the amount of sixty degree Fahrenheit water that will flow
through the fluid regulator in one minute with a one pound per
square inch constant pressure drop across the fluid regulator.
The first characterization can provide or lead to a linear rela-
tionship between the first fluid regulator flow and the control
signal. The first characterization can be determined, for
example, by the fluid regulator characterization system 212.

Stage 404 recerves characteristics of a projected opera-
tional environment for the fluid regulator. In some implemen-
tations, the characteristics can be provided. In other imple-
mentations, the characteristics can be measured with the fluid
regulator 1nstalled 1n the projected operational environment.
The characteristics can be, for example, 1nstalled tlow char-
acteristics for the flmd regulator. The characteristics can be
received, for example, by fluid regulator characterization sys-
tem 212.

Stage 406 generates a second characterization of a second
fluid regulator tflow relative to the control signal based on the
first characterization and the received characteristics. In some
implementations, the second fluid regulator flow can be an
installed tluid regulator tlow. The installed flmd regulator
flow can be, for example, the tluid regulator flow that is
realized for the flmid regulator across the full operating range
of the fluid regulator 1n the projected operational environ-
ment. For example, the projected operational environment
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can be defined 1n part by a pressure drop across the tluid
regulator and an upstream pressure. If a gas, rather than a
liquid, 1s traveling through the flmid regulator, then an expan-
s10n or compression factor can be used to further define the
environment.

The second characterization can provide a percent travel
for the fluid regulator member that corresponds to a fluid
regulator flow that results in a linear relationship between the
fluid regulator tlow and the control signal across the full
operating range of the fluid regulator. The second character-
1zation can be determined, for example, by the fluid regulator
characterization system 212.

Stage 408 linearizes a fluid regulator tlow gain relative to
the control signal based on the second characterization. In
some 1mplementations, the second characterization can be
stored 1n a regulation system. The second characterization
can be stored into the regulation system over an electrical,
optical, wireless, or other appropriate communications inter-
face. The electrical connection can be, for example, a distrib-
uted network communications interface (e.g., Local Area
Network, Wide Area Network, Wireless Interface) or a direct
communications interface (e.g., IEEE 1394, Universal Serial
Bus, RS-232). In turn, the fluid regulatlon system 100 can
mampulate a fluid regulator member such that a linear tluid
regulator tflow 1s realized relative to the control signal. The
linearization can be realized, for example, by tluid regulator
characterization system 212, and/or the fluid regulation sys-
tem 100.

FIG. § illustrates an example process 500 of determining a
first characterization. The process 500 can be implemented,
for example, in the fluid regulator characterization system
212.

Stage 502 i1dentifies a percent rated flow capacity curve
relative to a percent rated travel based on the standardized
operating environment for the fluid regulator. In some 1mple-
mentations, the percent rated flow capacity can be determined
over the tull operating range of the flmid regulator. The per-
centrated flow capacity can be, for example, the inherent flow
of the fluid regulator. The identification can be performed, for
example, by the flow identification module 214.

Stage 504 determines a percent rated tlow ofifset curve that
linearizes the percent rated flow capacity curve. In some
implementations, the percent rated tlow offset curve can be
determined by creating a curve that mirrors the percent rated
flow capacity curve relative to a linear curve. The linear curve
can be defined, for example, as a linear curve that connects a
percent rated flow value at a minimum control signal value
and a percent rated tlow value at a maximum control signal
value, or otherwise linearizes a relationship between the per-
cent rated flow and the control signal. The percent rated offset
curve can be determined, for example, by the fluid regulator
characterization module 216.

Implementations of the subject matter and the functional
operations described 1n this specification can be implemented
in digital electronic circuitry, or in computer software, firm-
ware, or hardware, including the structures disclosed 1n this
specification and their structural equivalents, or 1n combina-
tions of one or more of them. Implementations of the subject
matter described in this specification can be implemented as
one or more computer program products, 1.e., one or more
modules of computer program instructions encoded on a tan-
gible program carrier for execution by, or to control the opera-
tion of, data processing apparatus. The tangible program car-
rier can be a propagated signal or a computer-readable
medium. The propagated signal 1s an artificially generated
signal, €.g., a machine-generated electrical, optical, or elec-
tromagnetic signal that 1s generated to encode information for
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transmission to suitable receiver apparatus for execution by a
computer. The computer-readable medium can be a machine-
readable storage device, a machine-readable storage sub-
strate, a memory device, a composition ol matter effecting a
machine-readable propagated signal, or a combination of one
or more of them.

A computer program (also known as a program, software,
application, script, or code) can be written 1n any form of
programming language, including compiled or interpreted
languages, or declarative or procedural languages, and 1t can
be deployed in any form, including as a stand-alone program
or as a module, component, subroutine, or other unit suitable
for use 1 a computing environment. A computer program
does not necessarily correspond to a file 1n a file system. A
program can be stored 1n a portion of a file that holds other
programs or data (e.g., one or more scripts stored 1n a markup
language document), 1n a single file dedicated to the program
in question, or i multiple coordinated files (e.g., files that
store one or more modules, sub-programs, or portions of
code). A computer program can be deployed to be executed
on one computer or on multiple computers that are located at
one site or distributed across multiple sites and intercon-
nected by a communication network.

The processes and logic tlows described 1n this specifica-
tion can be performed by one or more programmable proces-
sOors executing one or more computer programs to perform
functions by operating on input data and generating output.
The processes and logic flows can also be performed by, and
apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an
ASIC (application-specific integrated circuit).

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor will
receive instructions and data from a read-only memory or a
random access memory or both. The essential elements of a
computer are a processor for performing instructions and one
or more memory devices for storing instructions and data.
Generally, a computer will also include, or be operatively
coupled to recetve data from or transier data to, or both, one
or more mass storage devices for storing data, e.g., magnetic,
magneto-optical disks, or optical disks. However, a computer
need not have such devices. Moreover, a computer can be
embedded 1n another device, e.g., a mobile telephone, a per-
sonal digital assistant (PDA), a mobile audio or video player,
a game console, a Global Positioning System (GPS) receiver,
to name just a few.

Computer-readable media suitable for storing computer
program 1nstructions and data include all forms of non-vola-
tile memory, media and memory devices, including by way of
example semiconductor memory devices, e.g., EPROM,
EEPROM, and flash memory devices; magnetic disks, e.g.,
internal hard disks or removable disks; magneto-optical
disks; and CD-ROM and DVD-ROM disks. The processor
and the memory can be supplemented by, or incorporated 1n,
special purpose logic circuitry.

To provide for interaction with a user, implementations of
the subject matter described in this specification can be
implemented on a computer having a display device, e.g., a
CRT (cathoderay tube) or LCD (liquid crystal display ) moni-
tor, for displaying information to the user and a keyboard and
a pointing device, e.g., a mouse or a trackball, by which the
user can provide input to the computer. Other kinds of devices
can be used to provide for interaction with a user as well; for
example, feedback provided to the user can be any form of
sensory feedback, e.g., visual feedback, auditory feedback, or
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tactile feedback; and mput from the user can be received 1n
any form, including acoustic, speech, or tactile input.

While this specification contains many specific implemen-
tation details, these should not be construed as limitations on
the scope of any mvention or of what may be claimed, but
rather as descriptions of features that may be specific to
particular implementations of particular inventions. Certain
teatures that are described 1n this specification in the context
of separate implementations can also be implemented in com-
bination 1n a single implementation. Conversely, various fea-
tures that are described 1n the context of a single implemen-
tation can also be implemented in multiple implementations
separately or i any suitable subcombination. Moreover,
although features may be described above as acting in certain
combinations and even initially claimed as such, one or more
features from a claimed combination can in some cases be
excised from the combination, and the claimed combination
may be directed to a subcombination or variation of a sub-
combination.

Similarly, while operations are depicted 1n the drawings in
a particular order, this should not be understood as requiring
that such operations be performed 1n the particular order
shown or 1n sequential order, or that all 1llustrated operations
be performed, to achieve desirable results. In certain circum-
stances, multitasking and parallel processing may be advan-
tageous. Moreover, the separation of various system compo-
nents in the implementations described above should not be
understood as requiring such separation 1n all implementa-
tions, and 1t should be understood that the described program
components and systems can generally be integrated together
in a single software product or packaged into multiple soft-
ware products.

While particular implementations of the subject matter 1n
this specification have been described, other implementations
are possible. For example, the actions described can be per-
formed 1n a different order and still achieve desirable results.
As one example, the processes depicted 1n the accompanying
figures do not necessarily require the particular order shown,
or sequential order, to achieve desirable results. In certain
implementations, multitasking and parallel processing may
be advantageous.

Although certain implementations have been described 1n
detail and various others have been mentioned or suggested,
those skilled 1n the art will readily recognize that other imple-
mentations are possible while still achieving flud process
control. Thus, the scope ol the protected subject matter should
be judged based on the following claims, which may encom-
pass one or more aspects ol one or more implementations.

What 1s claimed 1s:

1. A computer-implemented method, comprising:

determining a first characterization of a first fluid regulator
tlow relative to a control signal for the fluid regulator, the
characterization of the first fluid regulator flow based at
least 1n part on operation of the fluid regulator 1n a
standardized operating environment;

recerving characteristics of a projected operational envi-
ronment for the flmd regulator;

generating a second characterization of a second fluid
regulator flow of the fluid regulator relative to the control
signal based at least 1n part on the first characterization
and the received characteristics of the projected opera-
tional environment; and

linearizing a fluid regulator tflow gain of the fluid regulator
relative to the control signal while the fluid regulator
operates 1n an operational environment modeled by the
projected operation environment, wherein linearizing of
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the flow gain relative to the control signal 1s based on the
generated second characterization,

wherein the second characterization 1s determined accord-
ing to:

Second Characterization =

wherein, for a liquid, x 1s the first characterization and vy 1s
equal to a pressure drop across the fluid regulator at a
max tlow rate divided by a pressure drop across the fluid
regulator at a min tlow rate, and

wherein, for a gas, x 1s the first characterization and v 1s
determined according to

v=Yratio” *dPratio* Plratio,

wherein dPratio 1s equal to a pressure drop across the fluid
regulator at a max tlow rate divided by a pressure drop
across the fluid regulator at a min tlow rate and P1 ratio
1s equal to an upstream pressure at a max flow rate
divided by an upstream pressure at a min flow rate.

2. The method of claim 1, wherein the first fluid regulator
flow comprises a percent rated travel relative to a percent
rated flow capacity.

3. The method of claim 1, wherein the first characterization
and the second characterization are over a full operating range
tor the fluid regulator.

4. The method of claim 3, wherein the full operating range
tor the flmd regulator 1s defined by a minimum percent lift and
a maximum percent lift.

5. The method of claim 1, wherein determining a first
characterization of a first fluid regulator flow comprises: 1den-
tifying a percent rated tlow capacity curve relative to a percent
rated travel based on the standardized operating environment
for the fluid regulator; and determining a percent rated flow
offset curve that linearizes the percent rated tlow capacity
curve.

6. The method of claim 1, wherein generating a second
characterization of a second fluid regulator flow relative to the
control signal comprises determining a fluid regulator mem-
ber travel relative to the control signal that linearizes the fluid
regulator flow gain over a defined operating range.

7. The method of claim 6, wherein determining a fluid
regulator member travel relative to the control signal com-
prises determining the fluid regulator member travel relative
to the control signal based on a ratio of a first pressure difier-
ential across a tluid regulator relative to a second pressure
differential across the fluid regulator.

8. The method of claim 7, wherein:

the first pressure differential comprises a pressure differ-

ential across the fluid regulator at a high flow rate; and
the second pressure differential comprises a pressure dif-
ferential across the fluid regulator at a low flow rate.

9. The method of claim 7, wherein the ratio of the first
pressure differential across the fluid regulator relative to the
second pressure differential across the fluid regulator 1s
scaled based on an expansion factor ratio and an upstream
pressure ratio.

10. The method of claim 9, wherein the expansion factor
rat1o comprises a ratio of an expansion factor at the high tflow
rate relative to an expansion factor at the low flow rate.

11. A fluid regulator characterization system, comprising:

a flow 1dentification module to identify a first fluid regula-

tor flow of a fluid regulator based on a control signal for
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the fluid regulator operating 1n a standardized fluid regu-
lator operating environment; and

a fluid regulator characterization module to determine a
first characterization of a fluid regulator and a second
characterization of the fluid regulator, the second char-
acterization adapted for use 1n linearizing a fluid regu-
lator flow gain of the fluid regulator relative to the con-
trol signal as the fluid regulator operates 1n a particular
operational environment, wherein the first characteriza-
tion 1s based on the first fluid regulator flow 1dentified by
the flow 1dentification module and the second character-
1zation 1s based on projected operational environment
for a fluid regulator and the first characterization,

wherein the second characterization 1s determined accord-
ing to:

xx\y
\/1_+(’y—1)ff=x25

and

Second Characterization =

wherein, for a liquid, x 1s the first characterization and v 1s
equal to a pressure drop across the fluid regulator at a
max flow rate divided by a pressure drop across the fluid
regulator at a min flow rate,

wherein, for a gas, X 1s the first characterization and v 1s
determined according to

v=Yratio” *dPratio* Pl ratio,

wherein dPratio 1s equal to a pressure drop across the fluid
regulator at a max flow rate divided by a pressure drop
across the fluid regulator at a min tlow rate and P1 ratio
1s equal to an upstream pressure at a max flow rate
divided by an upstream pressure at a min tlow rate.

12. The fluid regulator characterization system of claim 11,
wherein the first fluid regulator tlow comprises a percent rated
travel at a percent rated tlow capacity based on the standard-
1zed fluid regulator operating environment.

13. The fluid regulator characterization system of claim 12,
wherein the first characterization comprises a first fluid regu-
lator flow oflset that linearizes the first fluid regulator flow
over a defined operating range.

14. The fluid regulator characterization system of claim 11,
wherein the second characterization comprises a fluid regu-
lator member travel relative to the control signal that linear-
izes the fluid regulator tlow gain over a defined operating
range.

15. The fluid regulator characterization system of claim 14,
wherein the fluid regulator member travel relative to the con-
trol signal 1s based on a ratio of a first pressure differential
across the fluid regulator relative to a second pressure differ-
ential across the fluid regulator.

16. The fluid regulator characterization system of claim 15,
wherein:

the first pressure differential comprises a pressure differ-

ential at a high flow rate; and

the second pressure differential comprises a pressure dii-

ferential at a low tlow rate.

17. The fluid regulator characterization system of claim 15,
wherein the ratio of the first pressure differential relative to
the second pressure differential 1s scaled based on an expan-
s1on factor ratio and an upstream pressure ratio.

18. The fluid regulator characterization system of claim 17,
wherein the expansion factor ratio comprises a ratio of an
expansion factor at the high tflow rate relative to an expansion
tactor at the low tlow rate.
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19. The fluid regulator characterization system of claim 17,
wherein the upstream pressure ratio comprises an upstream

pressure at the high tflow rate relative to the upstream pressure
at the low flow rate.

20. A fluid regulator control system, comprising;:

a pressure cavity to receive a pressure supply;

an electric-to-pressure converter connected to the pressure
cavity to convert a control signal to a corresponding
control pressure, wherein the control pressure corre-
sponds to a travel of a fluid regulator member; and

a processor connected to the electric-to-pressure converter
to 1) recerve a signal indicating a fluid regulator member
position and to 11) position a fluid regulator member by
generating the control signal based on the position signal
and a characterization that linearizes a fluid regulator
flow gain relative to the position signal across a full fluid
regulator operating range based on a predetermined lin-
carization ol fluid regulator flow gain relative to the
position signal 1n a standardized operating environment,

wherein the characterization uses a {irst characterization
based on the first fluid regulator flow 1dentified by the
tlow 1dentification module and a second characterization
determined according to:

Second Characterization = .

wherein, for a liquid, x 1s the first characterization and v 1s
equal to a pressure drop across the fluid regulator at a
max tlow rate divided by a pressure drop across the fluid
regulator at a min tlow rate, and

wherein, for a gas, x 1s the first characterization and v 1s
determined according to

v=Yratio® *dPratio* Plratio,

wherein dPratio 1s equal to a pressure drop across the fluid
regulator at a max flow rate divided by a pressure drop
across the fluid regulator at a min tlow rate and P1 ratio
1s equal to an upstream pressure at a max flow rate
divided by an upstream pressure at a min flow rate.

21. The fluid regulator control system of claim 20, wherein
the characterization comprises a linear characterization of the
fluid regulator flow gain based on a standardized fluid regu-
lator operating environment and a fluid regulator flow relative
to the control signal.

22. 'The fluid regulator control system of claim 21, wherein
the fluid regulator flow comprises a percent rated travel rela-
tive to a percent rated tlow.

23. The fluid regulator control system of claim 20, wherein
the full fluid regulator operating range comprises a range
from zero percent tluid regulator member travel to one hun-
dred percent fluid regulator member travel.
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24. The fluid regulator control system of claim 20, turther
comprising: a pressure amplifier connected to the electric-to-
pressure converter to amplity the control pressure received
from the electric-to-pressure converter; and a fluid regulator
comprising the flud regulator member.

25. A fluid regulator characterization device, comprising:

means for determining a first characterization of a first fluid

regulator flow of a fluid regulator relative to a control
signal for the fluid regulator, the characterization of the
first fluid regulator tlow;

means for receiving characteristics of a projected opera-
tional environment for the tluid regulator;

means for generating a second characterization of a second
fluad regulator flow of the fluid regulator relative to the
control signal based at least 1n part on the first charac-
terization and the receiwved characteristics of the pro-
jected operational environment,

means for linearizing a flmid regulator flow gain of the fluid
regulator relative to the control signal while the fluid
regulator operates in an operational environment mod-
cled by the projected operation environment, wherein
linearizing of the flow gain relative to the control signal
1S based on the second characterization,

wherein the second characterization 1s determined accord-
ing to

xxy
\{1_4-(’}’—1):?:.%'25

Second Characterization=

wherein, for a liquid, x 1s the first characterization and v 1s
equal to a pressure drop across the fluid regulator at a
max tlow rate divided by a pressure drop across the tluid
regulator at a min tlow rate, and

wherein, for a gas, x 1s the first characterization and v 1s
determined according to

v=Yratio” *dPratio*Plratio,

wherein dPratio 1s equal to a pressure drop across the fluid
regulator at a max flow rate divided by a pressure drop
across the fluid regulator at a min tlow rate and P1 ratio
1s equal to an upstream pressure at a max flow rate
divided by an upstream pressure at a min tlow rate.

26. The method of claim 1, wherein the step of generating,
a second characterization of a second fluid regulator flow of
the fluid regulator relative to the control signal 1s without
monitoring performance of the fluid regulator as the fluid
regulator operates 1n connection with one or more test fluid
flows.

27. The method of claim 11, wherein the second charac-
terization 1s made without monitoring performance of the
fluid regulator as the fluid regulator operates in connection
with one or more test fluid flows.

G o e = x
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